We compute two-component theoretical chromosphere models for K2 V stars with di †erent levels of magnetic activity. The two components are a nonmagnetic component heated by acoustic waves and a magnetic component heated by longitudinal tube waves. The Ðlling factor for the magnetic component is determined from an observational relationship between the measured magnetic area coverage and the stellar rotation period. We consider stellar rotation periods between 10 and 40 days. We investigate two di †erent geometrical distributions of magnetic Ñux tubes : uniformly distributed tubes, and tubes arranged as a chromospheric network embedded in the nonmagnetic region. The chromosphere models are constructed by performing state-of-the-art calculations for the generation of acoustic and magnetic energy in stellar convection zones, the propagation and dissipation of this energy at the di †erent atmospheric heights, and the formation of speciÐc chromospheric emission lines that are then compared to the observational data. In all these steps, the two-component structure of stellar photospheres and chromospheres is fully taken into account. We Ðnd that heating and chromospheric emission is signiÐ-cantly increased in the magnetic component and is strongest in Ñux tubes that spread the least with height, expected to occur on rapidly rotating stars with high magnetic Ðlling factors. For stars with very slow rotation, we are able to reproduce the basal Ñux limit of chromospheric emission previously identiÐed with nonmagnetic regions. Most importantly, however, we Ðnd that the relationship between the Ca II H]K emission and the stellar rotation rate deduced from our models is consistent with the relationship given by observations.
INTRODUCTION
An outstanding problem in current stellar astrophysics research is to identify the physical processes responsible for heating stellar chromospheres. It is now commonly accepted that two di †erent types of mechanisms for the chromospheric heating exist, which can broadly be classiÐed as magnetic and acoustic heating (see reviews by Narain & Ulmschneider 1990 . For the Sun and other types of stars with surface convection zones, acoustic heating has been identiÐed as most likely responsible for balancing the "" basal ÏÏ Ñux emission. Buchholz, Ulmschneider, & Cuntz (1998, hereafter B98) have calculated acoustic heating models for inactive main-sequence stars and giants and have shown that the observed Mg II h ] k and Ca II H ] K emission can be well reproduced by those models. Similar results but for inactive M-type dwarfs have been obtained by Mullan & Cheng (1993) . So far, the most sophisticated test of the acoustic heating picture has been performed by Carlsson & Stein (1992) who found that the dissipation of acoustic wave energy in the solar chromosphere can be used to reproduce the temporal variations of the Ca II K line proÐle observed in the solar internetwork regions.
On the other hand, it is also well known that most, if not all, stars also exhibit magnetic activity. Thus, chromospheres of main-sequence stars are expected to consist of both magnetically and acoustically heated components. In case of the Sun, the magnetic activity is governed by the large variety of magnetic surface structures (e.g., Schrijver 1996) . In various other stars, the existence of magnetic heating can directly be inferred from the observed increase of the chromospheric and transition layer emission with stellar rotation that has been found in both dwarfs (Rutten 1986 (Rutten , 1987 Schrijver 1987 ) and (sub-)giants (Rutten 1987 ; Rutten & Pylyser 1988 ; Simon & Drake 1989 ; Gray 1989 ; Strassmeier et al. 1994) . Increased stellar rotation usually leads to an increased photospheric magnetic Ñux (PB 0 f 0 ), where is the photospheric magnetic Ðeld strength and B 0 f 0 is the magnetic Ðlling factor. In fact, it is now possible to link to both the stellar rotation period (Marcy & B 0 f 0 P rot Basri 1989 ; Montesinos & Jordan 1993 ; Saar 1996a ; see also Cuntz, Ulmschneider, & Musielak 1998, hereafter C98) and to the emergent chromospheric emission Ñux (Saar & Schrijver 1987 ; Schrijver et al. 1989 ; Montesinos & Jordan 1993 ; Saar 1996b ; Jordan 1997) .
With respect to Ca II emission, a variety of studies have been done. Three decades ago, Wilson & Skumanich (1964) , Wilson (1966) , Kraft (1967) , and others noted that chromospheric Ca II emissionÈknown to be a proxy for magnetic activity on the SunÈwas correlated with stellar age and rotation, decreasing systematically from young cluster stars to old Ðeld stars. At the time, Skumanich (1972) proposed the now famous t~1@2 law to describe the decay of the observed Ca II Ñux and the stellar spin. The decline in rotation was attributed to a steady loss of angular momentum in the coronal wind, itself a by-product of the activity, whereas the decrease in chromospheric activity was ascribed to a weakening of the spin-catalyzed magnetic "" dynamo.ÏÏ Skumanich was Ðrst to realize that the link between activity and rotation is a causal one rather than given by observational coincidence. Noyes et al. (1984) identiÐed a tight correlation between the Ca II emission and the Rossby number, a key parameter in dynamo theories (see also Jordan 1997 for details). Additional observational results were presented by Simon, Herbig, & Boesgaard (1985) and Ayres et al. (1996) . The latter authors used the Hubble Space T elescope to observe the UV emission of solar-type stars in clusters of di †erent ages. These observations provide strong evidence for the decay of the chromospheric and transition-layer activity with rotation rate.
Theoretical models of the long-term time evolution of dynamo action are given by Schrijver & Pols (1993) , Rosner et al. (1995) , Keppens, MacGregor, & Charbonneau (1995) , and Charbonneau, Schrijver, & MacGregor (1997) . The latter two studies contain a detailed MHD description of the time development of the internal angular momentum redistribution allowing estimates about the surface magnetic Ðeld strength and rotational velocities of mainsequence stars. These studies now provide the theoretical basis for explaining why the decrease of stellar rotation also invokes reduced values of If magnetic activity is con-B 0 f 0 . centrated within distinct active regions, and the star is not seen pole-on, rotationally modulated chromospheric emission will result (e.g., Baliunas et al. 1983 Baliunas et al. , 1995 Char et al. 1993 ; Walter 1996) . Chromospheric heating in magnetically active stars thus depends on and details of the photo-B 0 , f 0 spheric magnetic Ðeld structure.
In our new theoretical chromospheric models, serious e †orts have been made to accomplish three distinctly di †er-ent steps in the modeling process, namely, to calculate the acoustic and magnetic energy generation in the stellar convection zone, to model the propagation and dissipation of acoustic and magnetic energy at di †erent atmospheric heights, and to simulate the formation of speciÐc chromospheric emission lines that are then compared with observations. In all these steps, the two-component structure of stellar photospheres and chromospheres is fully taken into account. The method used for calculating the acoustically heated component of stellar chromospheres is the same as that used by B98. Computation of the propagation of nonlinear and radiatively damped longitudinal tube waves in the magnetically heated component is based on previous work (see Herbold et al. 1985 ; Rammacher & Ulmschneider 1989 ; Ulmschneider, & Musielak 1991) . RamZa hringer, macher & Ulmschneider studied the formation of Ca II and Mg II emission lines inside magnetic tube waves embedded in the solar atmosphere for di †erent wave energy Ñuxes and Ðlling factors. Other results concerning the propagation and dissipation of longitudinal tube waves are described in Roberts (1991) and more recently by Steiner, & Bu nte, Pizzo (1993) , Steiner et al. (1996) , Fawzy, Ulmschneider, & Cuntz (1998) , and C98.
The main goal of this paper is to construct theoretical two-component chromosphere models for K2 V stars. These models are constructed by using newly calculated wave energy Ñuxes for longitudinal Ñux tube waves in stellar atmospheres and our newly improved numerical codes for the wave propagation and the line formation. In the C98 paper, we discussed the basic hydrodynamic and thermodynamic properties of magnetic Ñux tubes in K2 V stars of di †erent magnetic activity and thus constructed isolated Ñux tubes. It was assumed that the shape of these single tubes was determined by the number of Ñux tubes spread over the stellar surface. The number of Ñux tubes is given by the magnetic Ðlling factor. In this paper, we construct models for both nonmagnetic and magnetic regions. For the latter, we consider two di †erent cases, namely, uniformly distributed magnetic Ñux tubes and tubes arranged as a chromospheric network embedded in the nonmagnetic regions of stellar atmospheres. The Ca II Ñux resulting from these theoretical twocomponent chromosphere models is computed for K2 V stars of di †erent rotation rate by using a multiray radiative transfer code. The theoretical Ca II emissionÈstellar rotation relationship is derived and directly compared to the observational data. Eventually, we Ðnd good agreement between the theoretical and observational relationship.
The paper is structured as follows : In°2, we discuss the methods used. In°3, we present our numerical results. In°4
, we discuss the comparison with observations. Conclusions are given in°5.
METHOD AND MODEL ASSUMPTIONS

Stellar Parameters and Magnetic Flux
T ube Distribution For our K2 V star models, we take the following stellar parameters :
K, and
Several assumptions must be made to select prop-R _ . erly the magnetic parameters of this star, i.e., and the f 0 , B 0 , shape and distribution of the magnetic Ñux tubes on the stellar surface. For the Ñux tube distribution, we consider the tubes to be arranged as a chromospheric network and to be distributed uniformly over the stellar surface. Since the tubes in the chromospheric network are more crowded than in the other case, the spreading of these tubes (i.e., the increase of their cross sections with atmospheric height) is reduced, which ampliÐes the local heating and in most cases also leads the enhanced radiative emission (see C98 and Fawzy et al. 1998) . Nonetheless, the surface-averaged in f 0 both types of models is identical and chosen in accordance with the observational constraints discussed below.
To calculate inside the tubes at the photospheric level B 0 we assume approximate equipartition between q 5000 \ 1, the external gas pressure and magnetic pressure (e.g., Solanki 1996 ; Hasan & van Ballegooijen 1998) and take the gas pressure inside and outside the tube and (p i p e , respectively) to be related to each other by The p i : p e \ 1 :4. latter value has been obtained for the Sun, and it is assumed here that the same relationship holds for K2 V stars. This gives G, independent of stellar rotation. As we B 0 \ 2100 want to construct two-component chromosphere models for stars of the same spectral type but di †erent magnetic activity (and thereby di †erent rotation), is constant, and B 0 so must be related to the stellar rotation period f 0 P rot . Earlier e †orts to link to have been described by B 0 f 0 P rot Marcy & Basri (1989) , Montesinos & Jordan (1993) , and others (e.g., Jordan 1997 and references therein). More recent results have shown that the previous measurements of were often too high by a factor of 2 or more (see Marcy, & Valenti 1990 ; Saar, & Solanki 1994 ; Bu nte, Valenti, Marcy, & Basri 1995) .
In this paper, we use the relation of C98, which B 0 f 0 -P rot was derived on the basis of the most recent observational results of et al. (1997) . They present an analysis of 13 Ru edi high-quality optical spectra for late-type dwarfs (G1ÈK5) with di †erent rotation rates and di †erent levels of activity. A statistical analysis of these results yields
days with in G and in days. days ¹ P rot ¹ 50 B 0 P rot This relation is strictly valid only in a statistical sense for a set of stars but may also be used to construct theoretical models for individual stars (see C98). In addition, by specifying the photospheric Ðlling factor is directly B 0 f 0 linked to (see Table 1 ). According to the results present-P rot ed in this table, both the photospheric and chromospheric magnetic Ðlling factors, i.e., and respectively, for fast f 0 f N , rotating stars are much larger than those for slow rotating stars. This again implies that fast rotating stars have much higher surface coverage by magnetic Ñux tubes than slow rotating stars.
The Ðlling factors given in Table 1 can also be used to constrain the shape of magnetic Ñux tubes in stellar atmospheres. The geometrical structure of these tubes is determined in the following way. First, the diameter of (\2r 0 ) the tubes at the bottom is assumed to be equal to the local density scale height, which is 110 km, similar to that of the Sun. Second, it is assumed that the tubes spread exponentially with height between the bottom, where the wave generation takes place, and a height of 100 km (for stars with days) and 500 km (for days). This means P rot \ 10 P rot \ 40 that the interaction between the tubes in stellar atmospheres is largely negligible below the chosen heights. Hence, the Ðlling factors determine the top opening radii of the tubes (see Table 1 ) for tubes embedded in atmospheres of stars with di †erent rotation rates (see Appendix A for details). To determine the tube spreading function for the region beneath the top opening radius, we use a segment of a cosine function, which has the property of being di †eren-tiable at the Ðtting point. The shape of the tubes as well as the height dependence of the Ðlling factors for di †erent Ñux tube models are shown in Figures 1 and 2 , respectively. At the height where the tubes merge, the Ðlling factors are given by n/4. They are extrapolated to unity at the height z \ 1500 km, where our calculations are terminated. This extrapolation ensures that the area between the Ñux tubes is also Ðlled by magnetic Ðelds as required by the physical picture. The type of extrapolation, however, is largely irrelevant for our models because the formation of Ca II H and K lines (i.e., the primary concern of this paper) occurs at much lower heights (see°3 for details). In the case of magnetic Ñux tubes being arranged in a chromospheric network, the chromospheric magnetic Ðlling factor is well below unity, implying that the photospheric Ñux tube distribution must be explicitly prescribed. We assume that the chromosphere consists of block units of length L with strips of width a representing the chromospheric network. The total magnetic area is thus given by
With being the photospheric magnetic Ðlling factor f S within the strip and being the (average) photospheric f 0 Ðlling factor, we Ðnd
Note that is related to (see C98) and is deÐned as f S f N \ 4f 0 (see Table 1 ). The discrepancy between and f S \ (n/4) f N f S f N is solely due to the di †erence between quadratic and circular tube expansion at the height of the tube merging. The width of the strip a is given by where is the top a \ 2r = , r = opening radius of the tubes (see Appendix A). The number of Ñux tubes N per strip of a block unit (i.e., chromospheric network region) is given by N \ L /a. With and as free f 0 f S parameters, N is given by
However, it is more convenient to select the average chromospheric Ðlling factor rather than as free paramf C f S eter to describe the number of Ñux tubes in a block unit of the chromospheric network. In the case of Ñux tubes uniformly distributed on the stellar surface, we always have
In the case of Ñux tubes arranged as a chromof C \ 1.0. spheric network, the number of tubes per strip depends on
The relation between and N is given by
In our model, we intend to have which would give f C^0
.30, 6.12 Ñux tubes per strip. As we want to use N \ 6 instead, the resulting average chromospheric Ðlling factor is f C \ 0.305. Thus, the described approach allows us to construct generalized inhomogeneous Ñux tubes distributions with Ñux tubes being arranged as a chromospheric network.
(Magneto-)Acoustic Energy Generation and
W ave Propagation One of the main goals of this paper is to calculate the efficiency of heating of the nonmagnetic and magnetic components of stellar chromospheres. To perform these calculations, it is necessary to know the initial wave energy Ñuxes carried by acoustic and longitudinal tube waves, and their periods, which we obtain using the recent results of Ulmschneider, Theurer, & Musielak (1996) and , respectively. Acoustic wave energy spectra and Ñuxes for stars of different spectral types and di †erent luminosities have been computed by Ulmschneider et al. (1996) , who used the Lighthill-Stein theory of sound generation with modiÐ-cations described by Musielak et al. (1994) . These modiÐ-cations included an improved description of the spatial and temporal parts of the turbulent energy spectrum in stellar convection zones. The turbulence has been described by using an extended Kolmogorov energy spectrum and a modiÐed Gaussian frequency factor (the eKmG-spectrum). There is only one free parameter in these calculations, namely, the mixing-length parameter which is in the a ML , range between 1.0 and 2.5 depending on the hydrodynamic and thermodynamic structure of the convective Ñow (e.g., Cattaneo et al. 1991 ; Rast & Toomre 1993, and references therein) . One way of constraining is to evaluate up-toa ML date stellar convection models for speciÐc stars. Nordlund & Dravins (1990) presented sophisticated time-dependent convective models based on three-dimensional hydrodynamics and three-dimensional nongray radiative transfer for a set of main-sequence stars and subgiants. Based on a set of models, which also included a K1 V star, they argued that might be^1.5 (or somewhat larger). This value is a ML adopted here, which according to Ulmschneider et al. (1996) yields an initial acoustic wave energy Ñux of F M \ 8.0 ] 106 ergs cm~2 s~1 for our target stars. Using the acoustic wave energy spectra presented by the same authors, we Ðnd that the maximum amount of energy is carried by acoustic waves with period s. These values are therefore P w,ac \ 60 used in our acoustic wave calculations.
In recent computations for the generation of longitudinal tube waves in the solar atmosphere ), the nonlinear time-dependent response of a thin vertical Ñux tube to the external pressure Ñuctuations is numerically simulated. The same method has been adopted by Ulmschneider, Musielak, & Fawzy (1999) to calculate the Ñuxes and spectra for longitudinal tube waves propagating in stellar atmospheres. These numerical Ñuxes are an order of magnitude larger than those calculated using analytical methods . Taking the mixinglength parameter and using the results given by a ML \ 1.5 Ulmschneider et al. (1998) , we Ðnd that the energy Ñux carried by longitudinal waves in atmospheres of K2 V stars is ergs cm~2 s~1 largely independent of the F M \ 1.2 ] 108 tube shapes. For we would obtain a ML \ 2.0, F M \ 1.8 ] 108 ergs cm~2 s~1. The maximum energy is carried by longitudinal tube waves that have periods close to 60 s. We thus take s in our calculations. Now, we must P w,m \ 60 consider that the interaction between magnetic Ñux tubes and the external turbulent motions leads not only to the generation of longitudinal tube waves but also to transverse tube waves. As shown by Huang, Musielak, & Ulmschneider (1995) , the efficiency of generation of these waves can be 1 order of magnitude higher than the longitudinal waves. On the other hand, only a small fraction of this energy is directly transferred to longitudinal waves as a result of nonlinear mode coupling . It is also known that the energy carried by transverse tube waves leaks efficiently to the external medium and that acoustic waves present in the external medium promote the excitation of longitudinal tube waves (Huang, Musielak, & Ulmschneider 1999) . Obviously, taking all these processes into account is outside the scope of this paper. However, we still must account for some of this extra energy available for the heating. Hence, we correct the above-given initial wave energy Ñux by adding to it a small fraction of the energy carried by transverse tube waves. The computed initial wave energy Ñuxes and wave periods can now be used to compute the models of acoustically and magnetically heated components of stellar chromospheres. The method for calculating the acoustically heated component is identical to that used by B98. We utilize the modiÐed method of characteristics, as described in our previous papers (Ulmschneider et al. 1977 (Ulmschneider et al. , 1978 Schmitz, Ulmschneider, & Kalkofen 1985 ; Ulmschneider, Muchmore, & Kalkofen 1987 ; Rammacher & Ulmschneider 1992) to solve the one-dimensional hydrodynamic equations consisting of the continuity, momentum, and energy equations. At the bottom of the atmosphere at optical depth we introduce sinusoidal acoustic waves with q 5000 \ 1, periods of 60 s and amplitudes determined by the adopted initial wave energy Ñux. The propagation of these waves is simulated numerically to the point of shock formation and beyond. The shocks are treated as discontinuities by solving the Rankine-Hugoniot equations for acoustic waves and are permitted to grow to arbitrary strength. At the top of the atmosphere we use a transmitting boundary condition following Ulmschneider (1986) . Radiative losses (and gains) due to the H~continuum and the Mg II k line are computed by solving the corresponding radiative transfer equations. This treatment requires additional explanation as in reality there are many chromospheric lines (the Ca II H and K lines, the Ca II infrared triplet, the Mg II h and k lines, and Fe II linesÈjust to mention the most prominent ones) that contribute signiÐcantly to the total radiative losses from stellar chromospheres ; note that these lines have to be calculated by solving radiative transfer equations with partial redistribution (PRD) assuming multilevel atoms. The inclusion of all these lines is, however, beyond the scope of the present paper. Thus, our approach is to compute only the Mg II k line, but with the complete redistribution (CRD) and scale this line up to represent the total chromospheric losses ; note that we could have taken either the Mg II h line or one of the Ca II lines and obtain virtually the same result by appropriate scaling. The radiative transfer equations considered here are solved together with the statistical equilibrium equations for NLTE populations. Compared to earlier work, we also consider various technical improvements, including the treatment of NLTE ionization for the included chromospheric emitters (Rammacher & Cuntz 1991) , and the use of the revised operator splitting method for the Mg II k line (Buchholz et al. 1994 ) with the proper inclusion of the shocks ; similar improvements are adopted in our calculation of the Ca II emission lines (see°2.3). Now, when the full balance is established between the locally dissipated acoustic wave energy and the local radiative losses, new values of atmospheric temperature and density are calculated. This gives the time-dependent model for the acoustically heated component of stellar chromospheres.
To calculate the propagation and dissipation of longitudinal tube waves, we use our previous treatment of these waves in the solar atmosphere (e.g., Herbold et al. 1985 ; Rammacher & Ulmschneider 1989 ; Fawzy et al. 1998 ). The set of nonlinear MHD equations is simpliÐed by taking into account the so-called thin Ñux tube approximation and is solved by using the modiÐed method of characteristics (see Appendix B). The waves are nonlinear and radiatively damped. A thin, vertically oriented magnetic tube is embedded in a magnetic-free medium, and the initial wave energy Ñux is imposed on the tube at the atmospheric height corresponding to the optical depth
The propagation q 5000 \ 1. of longitudinal waves with periods of 60 s is investigated by performing time-dependent numerical simulations. The waves introduced by an oscillating piston at the bottom of the Ñux tubes are again followed to the point of shock formation and beyond. To reduce the e †ect of large-scale oscillations during the switch-on phase of the wave, the initial wave energy Ñux is gradually increased over a time span of 10 wave periods in all models presented. The atmospheric height of the initially undisturbed tube models extends originally up to 1500 km (corresponding to 16.2 pressure scale heights but may increase during the H p ) course of the wave computation due to the mechanical heating and wave pressure. The energy dissipation by the shocks is calculated self-consistently by solving the MHD Rankine-Hugoniot relations that also consider the distensibility of the tubes (Herbold et al. 1985) . The wave energy dissipated by these shocks is balanced against the radiative losses, which are treated in the same way as described above for the acoustically heated models. Again, when the full balance between the locally dissipated magnetic wave energy and the local radiative losses is established, new values of atmospheric temperature and density are calculated. This gives the time-dependent model for the magnetically heated component of stellar chromospheres. Note that the computed model strongly depends on the adopted shape of the Ñux tube.
Emission-L ine Simulation by Multiray
Radiative T ransfer In order to compute the chromospheric emission in a given line from our theoretical models, several di †erent e †ects need to be considered. It is known that the chromospheric emission depends on the total number of tubes, the voids between the tubes ("" canopies ÏÏ), the distribution of the tubes, and radiative transfer e †ects. Intriguing examples of radiative transfer for the Ca II K line along multiple rays (1.5-dimensional) based on PRD passing through twodimensional magnetostatic models for the quiet solar chromosphere have already been given by Solanki, Steiner, & Uitenbroeck (1991) , which could reproduce a variety of observational features including the spatially averaged Ca II K line proÐle. Earlier results for the Sun for regions of high and low magnetic Ðlling factors were given by Rammacher & Ulmschneider (1989) who also used a multiray 1.5-dimensional radiative transfer method that was, however, based on CRD. Their results show that the emission in Mg II and Ca II is considerably enhanced in models with higher magnetic Ðlling factors. The e †ect of di †erent shapes of the Ñux tubes on the chromospheric emission has recently been investigated by Fawzy et al. (1998) .
As mentioned before (see°2.1), we consider two di †erent Ñux tube distributions : uniformly distributed tubes and tubes arranged in strips to simulate a chromospheric network. The basic element of both distributions is the socalled tube row : a strip of expanding tubes with identical geometries at all heights (see Fig. 3 ). For the tubes, we assume that their thermodynamic structure is well determined by the theoretical models (see°3.1). For the simulation of the Ca II emission lines, we assume that each tube is Ðlled with a di †erent wave phase (selected from a total of four) from our MHD wave models. Therefore, we e †ectively ensure that the line Ñuxes and proÐles represent a mixture of the di †erent wave phases existing in the K2 V star chromosphere. The total number of tubes in a row used N OE for the radiative line simulation depends on the angle between the surface normal and the line of sight ; for large angles, more tubes are intersected by the ray path. With H being the height of the atmosphere and the bottom tube r 0
ÈArray of Ñux tubes as used for calculating the radiative transfer. Given are the views from the side (left) and from the top (right). In our models we consider rays of Ðve di †erent angles. radius, we have
The external atmosphere is Ðlled with the properly chosen phase of the acoustic wave calculation (see°2.2). For simplicity we do not average over di †erent wave phases for calculating the Ca II emission Ñux of the external atmosphere. Therefore, we select a wave phase that closely resembles the Ca II H ] K emission obtained by B98 for pure acoustic heating. The acoustic heating model refers to the situation with no magnetic Ñux tubes existing. The tubes are assumed to spread with height, eventually reaching the tube top opening radius where the tubes r = , start to merge. Above this height, the remaining space between the tubes is gradually Ðlled with magnetic Ðelds so that the Ðlling factor approaches 100% at the top of the atmospheric model, which is at z \ 1500 km. The stellar surface elements are sampled equidistantly every 40 km for a total of 600 spatial grid points. The radiative transfer is then calculated along di †erent rays which, for a given angle a, contribute to the integrated line proÐle (see Fig. 3 ). Because of the complex tube geometry, the intensity proÐles vary strongly for di †erent angles ; therefore, it is mandatory to use more than one angle for the radiative transport. Here, we use Ðve angles for our calculations (cos a \ k \ 0.9, 0.7, 0.5, 0.3, and 0.1), which represent Ðve annuli of identical surface area. This ensures that all surface areas of our chromospheric models equally contribute to the integrated line Ñux. Note that the given values of k are closely related to the zero points of the Legendre polynomials (see Rammacher, Ulmschneider, & Cuntz 1999 for details).
The radiative transfer for the Ca II K line is computed with partial redistribution and by using a two-level atom. To perform these calculations, we utilize the modiÐed operator splitting method as described by . The redistribution is computed using the R II function of Gouttebroze (1986) with the data of the respective atomic model. We use 47 frequency points, distributed within^10 of line center. Most of these points are concentrated A within^0.3 of line center since the minima in the A K 1 models are always located in this range. This interval is also used to calculate the emitted Ñux.
RESULTS AND DISCUSSION
Magnetic and Acoustic Heating Models
In order to construct two-component, theoretical chromosphere models, it is necessary to calculate timedependent models for both acoustic and magnetic chromospheric components. In this work, we compute these models separately, which implies that no mutual interaction between the components is considered. For the computation of the emergent Ca II H ] K Ñux, however, both components are combined, and the Ca II line Ñuxes and proÐles are calculated using our multicomponent radiative transfer method (see°2.3). Magnetic component models of this type have already been described in detail by C98, along with their deduced MHD properties. The values of the tubes r = (see Table 1 ) adopted in that paper had been selected in accordance to the chromospheric network tube distribution, i.e., although it was erroneously stated there f N \ 4f 0 , that the tubes were uniformly distributed on the stellar surface. The physical properties of the tubes clearly depend on the shape of the tubes and the initial wave properties, but they are not directly dependent on the photospheric Ñux tube distribution. Consequently, the Ñux tube calculations by C98 are fully relevant to this paper.
Given the results of C98, we thus can focus solely on the MHD properties of those models with Ñux tubes that are uniformly distributed over the stellar surface (see Table 1 for values). Figures 4 and 5 give snapshots of tube r = models for stars with and 40 days, respectively. P rot \ 10 Figure 6 shows a snapshot of the acoustic heating model for the nonmagnetic surface region. As for the second star is r = much larger, the magnetic Ðeld strength within the tubes becomes much more reduced. The magnetic Ðeld strength at the top of the tubes in the second star is only 21 G com- pared to 233 G in the Ðrst star because of magnetic Ñux conservation. At the bottom of the tubes we have B 0 \ 2100 G in both stars (see°2.1). The reduced spreading of the tubes in the faster rotating star leads to a smaller dilution of the magnetic wave energy Ñux, which reduces the atmospheric temperatures particularly behind the shocks (see below).
The density structure of the acoustic and magnetic heating models for and 40 days is given in Figure  P rot \ 10 7, which shows that the time-averaged density is notably lower in the magnetic heating models owing to the magnetic contribution to the horizontal pressure balance. At the bottom of the tube the gas pressure inside and outside the tube and respectively) is in agreement (p i p e , p i : p e \ 1 :4 with our assumption (see°2.1). At larger atmospheric heights, the decrease of density in the model with P rot \ 10 days is signiÐcantly moderated owing to atmospheric heating and wave pressure. Figure 8 shows the wave energy Ñux for the acoustically and magnetically heated models calculated for stars with and 40 days. In all these P rot \ 10 models, the decrease of the wave energy Ñux with height is inÑuenced by the wave energy dissipation as well as by the radiative energy losses, which are particularly important at chromospheric heights. In the two magnetically heated models, the geometrical dilution of the wave energy Ñux at heights beyond 300 km is also a major e †ect, especially in the model with days. 1451 km and have shock strengths of and 2.09, M sh \ 2.68 respectively. The outer shock is located within a part of the atmosphere where Ca II is completely ionized because of the postshock temperature K. This temperature T (2) Z 30,000 is consistent with the temperature range of solar-type transition regions. In the postshock region of the inner shock, the relative number density q(Ca II) \ n(Ca II)/n(Ca) (where n is the number density) is moderately large, indicating the importance of the Ca II emission for the energy balance in Ñux tubes. For the longitudinal tube waves considered here, we Ðnd that the shock strength increases steadily with height in the lower and middle part of the atmosphere inside the tubes. Beyond a height of^1200 km, however, in the tube model with days decreases, which M sh P rot \ 10 is merely a consequence of the geometrical dilution of the wave energy Ñux owing to the increase of the tube spreading with height. Other e †ects which lead to a change of M sh with height include the energy dissipation by the shocks and the radiative energy losses in the postshock regions. The evolution of shock strengths as a function of height for FIG. 7 .ÈTime-averaged densities for the acoustic and magnetic component as function of height. The Ðgure depicts the acoustic heating model (dotted line) and the MHD tube models for days (solid line) and P rot \ 10 40 days (dashed line) while assuming uniformly distributed Ñux tubes. Time-averaging has been performed over a time span of 120 s, i.e., two wave periods. the wave model days is depicted in Table 2 , which P rot \10 gives the shock wave parameters q(Ca II)(2), and [M sh , x sh , T (2)] for four consecutive wave phases at 15 s time intervals. Figure 5 presents a snapshot of a wave for a star with days after the insertion of 20 wave periods. Here P rot \ 40 we Ðnd the presence of strong expansion beyond 1200 km of height as already seen in the model with days. The P rot \ 10 model days also shows a shock at height P rot \ 40 x sh \ 872 with a shock strength of Note that in km M sh \ 1.95. x sh the models with and 40 days are very similar : in P rot \ 10 the former model, we have km, whereas in the x sh^3 70 latter model this height is shifted somewhat beyond 400 km with the exact value depending on the elapsed time of the wave. This result is similar to the case of network tubes discussed by C98 who found that in the star with P rot \10 days, the shock formation occurs at 371 km (i.e., 4.4H p ), whereas in the star with days, km (i.e., P rot \ 40 x sh \ 435 5.0
These results mirror the similarities of the tube H p ). spreading functions at in the two types of models calcux sh lated. It should be noted, however, that at km, the x sh Z 800 shock strengths are signiÐcantly di †erent in models with and 40 days (see Figs. 4 and 5 and Table 2 ). This P rot \ 10 result is due to the increased spreading of the tubes in stars with slower rotation rates. Because of this property, the wave energy Ñux is distributed over an increasingly greater cross section area, which decreases the waves amplitudes, T (2), and the energy dissipation rates of the waves (see M sh , C98). The geometrical dilution of the wave energy Ñux is also relevant for the emergent Ca II emission (see°3.2).
To calculate the emerging Ca II emission Ñux, we must also take into account the areas between the tubes. Therefore, we computed a time-dependent acoustic heating model. Figure 6 depicts a snapshot found after 1245 s, which is again after the insertion of 20 wave periods. The shock strength in the acoustic wave model is M sh \ 2.62. The shock strength is essentially independent of the atmospheric height owing to the fact that we considered monochromatic waves ; for analytic expressions of the limiting shock strength, see Ulmschneider (1970) and B98. The mean temperature in the acoustic heating model at 800 km (which is in the upper part of the Ca II line formation region) is 4400 K, similar to the two MHD Ñux tube models with and 40 days previously discussed. The acoustic P rot \ 10 heating model also shows that the energy dissipation rate for the shocks is intermediate between the MHD wave models of days and days. As discussed in P rot \ 10 P rot \ 40°4 , the acoustic wave model turns out to be pivotal for properly representing the chromospheric emission in the absence of Ñux tubes. We Ðnd that when the nonmagnetic regions dominate, the chromospheric emission agrees with the basal Ñux emission as found in inactive stars (e.g., Rutten et al. 1991 ; Schrijver 1995) and theoretically described by B98.
Results from Ca II L ine Simulations
The most important goal of this paper is to simulate the chromospheric emission for our two-component chromosphere models. Contrary to C98, where the line emission was estimated from the local cooling rates of the Ñux tubes, we now simulate the chromospheric emission using detailed radiative transfer in a two-component chromospheric structure with arrays of Ñux tubes. Figure 9 represents the Ca II K line proÐles for di †erent angles for the model with P rot \ 10 and 40 days, respectively. Here we see that the line emission is strongest in the case when the Ñux tubes are viewed at small k (i.e., large angles a). In this case, the rays intersect a considerably large number of Ñux tubes, which means that there is a high contribution of magnetically heated regions to the total emission. As expected, this emission is strongest for narrow tubes related to fast rotating stars largely owing to the relatively small voids between the tubes. Figure 9 shows the results for the case of uniformly distributed tubes. It is found that the Ca II K line emission is about a factor of 6 greater in the case of days than for P rot \ 10 P rot \ 40 days. Because of our two-level atom approach, we have calculated the line transfer for the Ca II K line only. However, for comparison to observations we are interested in the total Ca II H ] K line Ñux, referred to as In earlier papers F HK . (e.g., B98), that value has been obtained by doubling the line Ñux of Ca II K, which is a valid approximation for lowactivity stars. Actually, the Ca II H Ñux is reduced relative to the Ca II K Ñux in more active stars (Vaughan, Preston, & FIG. 9 .ÈCa II K line proÐles for di †erent angles for the model with days (upper Ðgure) and 40 days (lower Ðgure). P rot \ 10
Wilson 1978). To account for this, we compute a scaling factor depending on the stellar activity which is cali-R K@H brated in terms of (see°4.1). This scaling factor can be P rot utilized to calculate the total for our theoretical F HK models. Based on this relationship we Ðnd that the Ca II K Ñux must be multiplied by a factor of 1.87, 1.89, 1.92, and 1.95 for stars with 20, 30, and 40 days, respec-P rot \ 10, tively. Table 3 depicts the dependence of on the Ñux F HK tube distribution. We Ðnd that uniformly distributed Ñux tubes produce the highest for most stars. The reason is F HK that in those stars the voids (i.e., magnetic canopies) between the tubes are of less importance. The di †erence in between the di †erent Ñux tube distributions considered F HK in this paper is most pronounced in fast rotating stars.
The fact that the Ca II H ] K emission is signiÐcantly lower in the star with days is fully consistent with P rot \ 40 the behavior of the wave energy Ñux as function of atmospheric height (see Fig. 8 ). Since Ñux tubes spread more with height on slower rotators, a smaller amount of energy is available in the Ca II formation region. The calculated models show remarkable behavior concerning the efficiency of converting into Although the initial magnetic F M F HK . wave energy Ñux is greater by a factor of 27 than the initial acoustic wave energy Ñux, the emission by the two-F HK component chromosphere models is increased only by a factor of 1.5È4.5 depending on the model. We identify two reasons for this behavior : First, in magnetic Ñux tubes, the wave energy Ñux is considerably reduced with atmospheric height due to geometrical dilution. Second, in magnetic Ñux tubes, the density inside the tubes is signiÐcantly lower than outside the tubes, which further reduces the Ca II radiative emission.
We also made a preliminary study of the e †ects of the wave parameters on the Ca II H ] K line intensity. For this study, we focused on the star with days and uni-P rot \ 10 formly distributed tubes. We varied the longitudinal Ñux tube wave period between 30 and 90 s, compared with P w,m s used in our standard model. We Ðnd that P w,m \ 60 although and thus the mechanical energy dissipation M sh rates increased substantially with increasing the P w,m , resulting Ca II was found to be largely independent of the wave period adopted. The variation obtained was less than 20%. The reason for this behavior is due to the balancing inÑuence of Ca IIÈCa III ionization. Although increased energy dissipation often results in increased radiative emission, it also depletes the Ca II number densities in the line formation region, because high energy dissipation rates favor a high number density of Ca III behind the shocks owing to increased postshock temperature. In another study, we also varied the mechanical wave energy Ñux. We found some dependence of the emergent Ca II H ] K line intensity on
We plan to evaluate this in a separate F M .
paper, which will also include a more detailed analysis of the e †ects and behavior of mode coupling (see°2.2).
COMPARISON WITH OBSERVATIONS
T he Ca II EmissionÈStellar Rotation Relationship
In°3, we found that owing to the physical properties of the magnetic Ñux tubes, the heating and chromospheric emission is signiÐcantly increased in the magnetic component and is strongest in Ñux tubes with the small spreading factors, expected on rapid rotators. We calculated the theoretical Ca II H ] K emission Ñux for the cases of uniformly distributed tubes and for the tubes arranged as a chromospheric network. We now want to compare those Ñuxes with observations. In order to give a comparison with a signiÐcant number of stars, we have chosen a set of stars ranging from spectral type K0 V to K3 V with B[V between 0.78 and 0.98. The stars have been taken from the data set by Baliunas et al. (1995) . Note that only stars with known rotational periods and reliable Ca II measure-P rot ments are taken into consideration. Where a range of rotation period detections is available (see Donahue, Saar, & Baliunas 1996) , we used the average Note that v sin i P rot . measurements cannot substitute for which signiÐcantly P rot , limits the number of stars that can be considered. As we want to concentrate on single stars, we also disregard binary stars with signiÐcant binary interaction, including tidally synchronized binaries. In addition, we did not consider stars with stellar rotation periods smaller than 5 days, which allows us to focus on the linear part (i.e., nonsaturated) of the Ca II emissionÈstellar rotation relationship. This enables us to provide a detailed statistical analysis both of our observational data and the results from our theoretical models.
The data for the selected stars are given in Table 4 . There are two di †erent methods for calibrating the Ca II H]K Ñuxes introduced by Noyes et al. (1984) and Rutten (1986) (see Appendix C). To make a comparison between our theoretical results and the observations (see Fig. 10 ), we used the calibration by Noyes et al. (i.e., Here we see that our F HK @ ). Baliunas et al. 1995) .
is the average value of the rotation period from Donahue et al. 1996 , P rot otherwise from Rutten 1986. and are based on the Rutten et al. 1991 and Noyes et al. 1984 calibrations, respectively ; F HK F HK @ is computed from is derived from and in Vaughan et al. 1978 . The stellar spectral types Table 4 ). The squares indicate the results from two-component theoretical chromosphere models (magnetic and acoustic heating ; see text) for K2 V stars of di †erent rotation periods. Large squares refer to models with uniformly distributed Ñux tubes, small squares to models with Ñux tubes arranged as chromospheric network regions. The dotted lines indicate the 3 p Ñux limits permissible by the observations. Here only the K2 V stars have been considered. The dashed line indicates the theoretical Ca II H]K basal Ñux limit given by pure acoustic heating (see B98). Right : Ca II H ] K emission Ñux (log units ; cgs) as function of stellar rotation for a selected number of stars for which a minimum activity level has been identiÐed based on long-term monitoring. Here the Ca II H]K Ñux has been recalculated using S min .
theoretical results for the models with uniformly distributed Ñux tubes nicely agree with the observations considering a 3 p standard deviation for the best Ðt. As underlying function for the best Ðt, we assume a linear relationship given by log F HK \ A HK ] B HK P rot with and being constants. For calculating the 3 p A HK B HK standard deviation strip, we consider a mean 1 p statistical error for of^0.035 in the logarithm and a mean 1 p F HK statistical error for the of^1 day (see Soon, Baliunas, P rot & Zhang 1994 ; Baliunas et al. 1996) . As systematic error of the calibration of we assume a value of^0.02 in the F HK , logarithm. Our statistical method is described by, e.g., Montgomery & Peck (1992) .
We note that the agreement between the theoretical results and the observations is highly satisfactory. For stars with days, no signiÐcant di †erence between the two P Z 25 di †erent types of photospheric Ñux tubes distributions could be identiÐed. For stars with days, the best P [ 25 agreement is obtained if it is assumed that the Ñux tubes are uniformly distributed over the stellar surface. On the other hand, it could still be possible that those stars have higher magnetic energy dissipation owing to enhanced mode coupling between the transverse waves and the longitudinal Ñux tube waves not considered in our models ; this would o †set the reduction of the emergent Ca II H ] K Ñux due to the nonmagnetic surface regions. In addition, many magnetically active stars may also be subjected to Ñare heating. Table 5 gives the summary of the statistical Ðtting parameters for the di †erent cases considered in this paper. There are no signiÐcant changes in and if we consider A HK B HK only K2 V stars (see Table 4 and Fig. 10) . Table 4 also gives information about the observed K/H Ñux ratios of our target stars. Statistically, R K@H \ F K @ /F H @ this ratio is larger for more active stars (i.e., high and F HK @ low than for inactive stars, for which it approaches P rot ) unity (e.g., for HD 166620 with days, is only P rot \ 42.4 F H @ 2% less than Therefore, we can calculate a
with and The values of and C 1 \ 1.19 C 2 \ [0.0036. C 1 are largely independent of the fact whether we consider C 2 all stars in Table 4 or only the K2 V stars. This relationship can be utilized to scale the calculate Ca II K emission Ñux toward the total Ca II H ] K emission in our theoretical models (see°3.2).
T he Ca II Basal Flux Emission
All stars studied in this paper show to some degree variable S values (see Baliunas et al. 1995) . Thus derived F HK @ from their long-term average SST values include contributions from a variable magnetic dynamo, which likely generates changes in the photospheric values (e.g., Saar & f 0 B 0 Baliunas 1992). The only situation in which a purely acoustically heated chromosphere might dominate would be at the magnetic cycle minima of the least active of these stars. Therefore, we have estimated the minimum seasonal average from the plots in Baliunas et al. (1995) for SST min the seven lowest Ca II activity stars of our sample (Table 4) and converted them to Figure 10 gives the com-F HK @ (min). parison of these Ñuxes to the theoretical Ca II H ] K basal Ñux limit for pure acoustic heating as obtained by B98. The observational results show good agreement with the theoretical models, which strongly supports the conjecture that inactive chromospheres of late-type stars are predominantly heated by acoustic waves.
We caution that even in these cases, there is still likely magnetic activity remaining from both residual dynamo activity at cycle minimum and from a background, nonvariable turbulent dynamo (e.g., Saar 1998 ; Schrijver et al. 1998 ). This magnetic dynamo activity is expected also to provide magnetic heating, which may or may not be relevant for the formation of the Ca II H and K lines. Although our present study does not provide evidence of such relevance, further studies are needed.
is a good F HK @ (min) empirical estimate of only if magnetic activity at cycle F ac minimum does not seriously a †ect Ca II H and K line formation. The presence of magnetic heating itself in lowactivity stars is implied by the presence of coronae (e.g., Schmitt 1997) , which can barely be heated acoustically 
Another topic open for debate is the location of the theoretical basal Ñux limit itself given by acoustic energy dissipation. B98 presented acoustically heated chromosphere models for stars between F0 V and M0 V and found agreement within a factor of 2 between the theoretical results and the observations over nearly 2 orders of magnitude in emission Ñux. The result by B98 in the case of K2 V stars is shown for comparison in Figure 10 . The theoretical basal Ñux limits given by acoustic wave computations should be a topic of future research as many important e †ects were omitted in the models, including (1) using acoustic frequency spectra instead of monochromatic waves (Fleck & Schmitz 1993 ; Sutmann & Ulmschneider 1995 ; Theurer 1998) , (2) inclusion of thermal bifurcation due to CO molecules (Cuntz & Muchmore 1994) , and (3) time-dependent (i.e., noninstantaneous) ionization of hydrogen (Carlsson & Stein 1992 ; . These e †ects are Ho Ñich expected to a †ect the theoretical Ca II H ] K basal Ñux limits suggesting the necessity of future investigations.
CONCLUSIONS AND OUTLOOK
We computed time-dependent two-component (acoustic and MHD) chromospheric models for K2 V stars with different levels of magnetic activity. The heating of the nonmagnetic component is determined by the acoustic energy dissipation, whereas the heating of the magnetic component is determined by the energy dissipation of longitudinal Ñux tube waves (already used successfully in solar chromosphere models ; see Herbold et al. 1985 ; Rammacher & Ulmschneider 1989 ; and Fawzy et al. 1998 for details). We considered two di †erent Ñux tube geometries : uniformly distributed Ñux tubes and Ñux tubes arranged as a chromospheric network. The stellar photospheric Ðlling factors, were f 0 , chosen according to recent observations (see C98 for details), which allowed us to deduce a semiempirical relationship between the stellar rotation period and P rot where is the average photospheric magnetic Ðeld B 0 f 0 , B 0 strength. In this case, and the photospheric Ñux tube f 0 distribution constrained the shape of the tubes including their top opening radii.
We calculated models of K2 V stars with rotation rates between 10 and 40 days. Regarding the acoustic and magnetic energy Ñuxes, we used the results recently obtained by Ulmschneider et al. (1996) and , respectively. We also considered contributions from mode coupling between transverse and longitudinal tube waves. The MHD Ñux tube calculations have been performed for thin magnetic Ñux tubes. We considered monochromatic waves for both acoustically and magnetically heated components. The calculated two-component chromosphere models have been used to compute the Ca II K emission Ñux based on multiray (1.5-dimensional) radiative transfer with partial redistribution (PRD), which was then converted into the Ca II H ] K emission Ñux.
We found the following results :
1. Owing to the presence of magnetic Ñux tubes, the heating and chromospheric Ñux emission was found to be signiÐcantly larger in the magnetic component than in the nonmagnetic one. Magnetic heating was found to be strongest in Ñux tubes with the least spreading with height, expected to occur on rapidly rotating stars with high f 0 . 2. The Ca II emission Ñux was calculated for stars F HK with stellar rotation rates ranging from 10 to 40 days. We found that regardless of the Ñux tube distribution considered, the Ñux was the highest in the star with F HK P rot \ 10 days and the lowest in the star with days. P rot \ 40 3. The theoretical relationship deduced for our F HK -P rot K2 V star models was found to be consistent within 3 p error bars with the empirical relationship. For F HK @ -P rot stars with days, no signiÐcant di †erences between P rot Z 25 the two Ñux tube distributions (i.e., uniformly distributed tubes and tubes arranged as a chromospheric network) were found. For stars with days, however, the P rot [ 25 uniform model agreed better with observations, although this result needs to be checked with further modeling.
4. For stars with very low Ðlling factors, i.e., stars with very slow rotation, we were able to reproduce the "" basal Ñux limits ÏÏ of chromospheric emission, which were previously attributed to pure acoustic heating (see B98 for details). Here we already have considered the new acoustic energy Ñuxes by Ulmschneider et al. (1996) . This allows us to consider our two-component chromosphere models as a well-deÐned extension to one-component chromosphere models based on pure acoustic heating.
5. With the use of time-dependent two-component chromospheric (magneto-)acoustic heating models, it appears now possible to directly link the relation-B 0 f 0 -P rot ship to the relationship, which are both deduced F HK -P rot from observations and are typical for a given type of stars.
6. Longitudinal tube waves produce Ca II H ] K emission Ñuxes in agreement with observations, suggesting that wave heating is a sufficient chromospheric heating mechanism in magnetically active K stars with days. P rot º 10 Nonetheless, the relevance of such other mechanisms as, e.g., Ñare heating still needs to be checked.
7. Our models show remarkable behavior in the efficiency of converting the initial wave energy Ñux into Ca II radiation. Although the initial magnetic wave energy Ñux is almost 30 times greater than the initial acoustic wave energy Ñux, the emission by the two-component F HK chromosphere models is increased only by a factor of 1.5È 4.5 relative to the nonmagnetic component. The reason is twofold : the magnetic wave energy Ñux is considerably reduced with height owing to the increase of the tube cross section, and the density inside the Ñux tubes is considerably lower than outside of the tubes, which leads to reduced Ca II radiative emission.
8. For the star with the highest we varied in the f 0 , P w,m range between 30 and 90 s. We found that the di †erences in the Ca II emergent Ñuxes were marginal at best owing to the inÑuence of Ca IIÈIII ionization, which counteracts increased heating. This suggests that the theoretical relation-F HK -P rot ship may remain essentially unchanged when the monochromatic longitudinal tube waves are substituted by frequency spectra.
We consider these results as an important step toward a consistent theoretical explanation of chromospheric emission in stars of di †erent types and levels of magnetic activity. Some technical improvements in our wave models, however, still need to be made, including using (magneto-) acoustic frequency spectra instead of monochromatic waves, the self-consistent treatment of mode coupling between longitudinal and transverse tube waves, and the simulation of line emission based on multilevel atoms. Also test computations with three-dimensional radiative transfer instead of multiray 1.5-dimensional radiative transfer should be performed to gauge the importance of radiative transfer e †ects. Additionally, we plan to target the following future projects : First, we want to expand our twocomponent chromospheric heating models to other types of stars, including main-sequence stars of di †erent spectral types, subgiants, giants, and supergiants. In the past, a large number of observational data have been collected, which deserve to be evaluated by theoretical models. We thus should be able to gain insight into heating of multicomponent atmospheres, the evolution of magnetic activity in the H-R diagram, the role of magnetic braking in chromosphere heating, and the appearance of HRD dividing lines. It would also be important to consider emission lines other than Ca II, including transition layer lines.
Although the best agreement between observations and theoretical models has been obtained for uniformly distributed Ñux tubes, particularly in case of fast rotating stars, this does not necessarily imply that Ñux tubes on K2 V stars are indeed uniformly distributed. We know for the Sun that homogeneous coverage does not occur : at cycle minimum, the concentrations are clearly arranged in a network, while at maximum a combination of magnetic plages and enhanced network is seen. The agreement of the emissions of the Sun as a star throughout its cycle with relationships between radiative Ñux densities from di †erent stars appears to be in fact relying on the nonhomogeneous mixture of very active and inactive regions, including everything in between (Schrijver & Harvey 1989) . We realize that temporal variations of the magnetic surface structure are also expected to occur in other types of stars including K dwarfs. This should motivate future research of radiative emission due to di †erent mixtures of magnetic and nonmagnetic surface structure. The fact that uniform coverage of magnetic regions provides the best agreement between theoretical models and observations for fast rotating stars may indicate that a homogeneous coverage of plages in fast rotating K dwarf stars may dominate the chromospheric emission.
A further reason that radiative emission of nonuniform magnetic Ñux tubes distributions should be studied in more detail is the following : We know that numerous stars show rotational modulation of chromospheric emission attributable to distinct surface structures of increased heating, notably magnetic spots. It would be interesting to utilize theoretical models of dense spotlike Ñux tube distributions to assess chromospheric emission modulation observed in speciÐc stars. An interesting example in that respect is the BY Dra star HD 82558, which is a single, rapidly rotating spotted K2 dwarf with a high magnetic activity level (Fekel et al. 1986 ). Saar, Piskunov, & Tuominen (1992) We would like to thank Je † Hall for helpful discussions about the calibration of Ca II data and James J. Swain (UAH, College of Engineering) for support in the statistical data analysis. This work has been supported by the NASA Astrophysical Theory Program under NAG 5-3027 to the University of Alabama in Huntsville (M. C., P. U., and Z. E. M.), by NASA/MSFC under grant NAG 8-839 (Z. E. M.), by NSF under grants ATM 95-26196 (Z. E. M.) and AST 95-28563 (S. H. S.), and by NATO under grant CRG-910058 (P. U. and Z. E. M.). Z. E. M. also acknowledges support by the Alexander von Humboldt Foundation. We also would like to thank an anonymous referee for helpful comments.
APPENDIX A THE TOP OPENING RADIUS OF FLUX TUBES
The top radii of Ñux tubes depend on the geometrical distribution of the Ñux tubes. Here we consider two cases : Ñux tubes that are uniformly distributed on the stellar surface and Ñux tubes arranged as a chromospheric network that is embedded in a nonmagnetic region. In the Ðrst case, the chromospheric magnetic Ðlling factor beyond a certain height is identical to one because the Ñux tubes merge. In the second case, however, a decisive nonmagnetic component exists at all heights. To comply with this di †erence, di †erent formulae for the Ñux tube top radii must be used.
Let us Ðrst we discuss the case of uniformly distributed tubes. With being the magnetic photospheric area and the F ph,m F T total surface area, we have
where denotes the photospheric tube radius and the magnetic Ðlling factor at the photospheric level With r 0 f 0 q 5000 \ 1. F ch,m being the magnetic chromospheric area and the tube top radius, we Ðnd because the magnetic chromosphere r = F ch,m \ 4r = 2 formally consists of squares with inscribed circular Ñux tubes. Assuming that above a given height, the chromosphere is completely Ðlled with Ñux tubes, i.e., we Ðnd F T \ F ch,m , r = \ 0.5r 0 Jn/f 0 .
With respect to network tubes, we consider two modiÐcations. First we assume consistent with C98. We also F ch,m \ nr = 2 assume that the chromosphere is not entirely Ðlled with Ñux tubes, i.e., that a nonmagnetic component remains even at large chromospheric heights. The chromospheric magnetic Ðlling factor after the merging of the tubes is assumed to be 25%, which yields Hence we Ðnd F ch,m \ 0.25F T . r = \ r 0 J1/4f 0 \ r 0 J1/f N in agreement with C98. Here denotes the magnetic Ðlling factor for the chromospheric network. Note that is identical to f N f N (see°2.1), if the area between the tubes, i.e., the di †erence between quadratic and circular tube expansion at the height of f S tube merging is disregarded. The top opening radii for the di †erent types of tubes is given in Table 1 . r =
APPENDIX B MHD EQUATIONS FOR LONGITUDINAL FLUX TUBE WAVES
To calculate longitudinal MHD Ñux tube models with di †erent spatial Ðlling factors, we consider vertically directed magnetic Ñux tubes embedded in a nonmagnetic atmosphere. Following Herbold et al. (1985) , the MHD equations in the thin Ñux tube approximation can be written
L Lz
To calculate the energy dissipation at the shocks, the MHD Rankine-Hugoniot relations for longitudinal tube waves are solved, which also allow for the di †erent degrees of distensibility in the preshock and postshock regions. The method of solution involves a cubic equation that is solved by a Newton-Raphson iteration scheme (e.g., Fawzy et al. 1998 ).
APPENDIX C CALIBRATION OF Ca II SURFACE FLUX OBSERVATIONS
There are two widely used methods of converting Mount Wilson SST measurements (the sum of Ñuxes in a 1.09 wide A triangular Ðlter centered at the cores of the Ca II H and K lines, ratioed to the sum at two continuum points) into surface Ñuxes. The two use slightly di †erent calibrations of the continuum Ñux, di †erent scales, have di †erent scaling constants, T eff and subtract di †erent color-(i.e., dependent "" background ÏÏ terms. These background Ñuxes account for residual Ñux in T eff ) the core of the Ca II lines thought not to be of chromospheric originÈtermed "" photospheric ÏÏ by Noyes et al. (1984) or "" basal ÏÏ by Rutten (1984) . Noyes et al. (1984) compute and increasing for larger and smaller values (e.g., Rutten 1986 ). (B[V ) _ Unfortunately, the two calibrations do not agree well, particularly for active stars where di †erences should be minimized (disagreements about the background correction are small relative to the total Ñux in active stars). Part of the problem is discussed by Hall & Lockwood (1995) , who argue that K \ 7.97 ] 105 is a more accurate scaling constant (and closer to MiddelkoopÏs original value of 7.6 ] 105). Because of the residual questions about the Rutten calibration, however, we have preferred to compare our models to Ñuxes computed using the Noyes et al. (1984) method. We leave open the possibility that it may be advantageous to employ an altered version of the Rutten calibration, with its conceptually useful at F HK (basal), some future point.
